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Nef is a myristoylated protein of 27 to 35 kDa that is conserved in primate lentiviruses. In vivo, Nef is
required for high viral load and full pathological effects. In vitro, Nef has at least four activities: induction of
CD4 and major histocompatibility complex (MHC) class I downregulation, enhancement of viral infectivity,
and alteration of T-cell activation pathways. We previously reported that the Nef protein from human immu-
nodeficiency virus type 1 interacts with a novel human thioesterase (hTE). In the present study, by mutational
analysis, we identified a region of the Nef core, extending from the residues D108 to W124, that is involved both
in Nef-hTE interaction and in Nef-induced CD4 downregulation. This region of Nef is located on the oligomer
interface and is in close proximity to the putative CD4 binding site. One of the mutants carrying a mutation
in this region, targeted to the conserved residue D123, was also found to be defective in two other functions of
Nef, MHC class I downmodulation and enhancement of viral infectivity. Furthermore, mutation of this residue
affected the ability of Nef to form dimers, suggesting that the oligomerization of Nef may be critical for its
multiple functions.

The nef gene of the primate lentiviruses encodes a 27-kDa
protein anchored at the cytoplasmic face of the plasma mem-
brane through a myristate at its amino terminus (for reviews,
see references 13 and 37). Experiments in rhesus monkeys
infected with simian immunodeficiency virus (SIV) strain SIV-
mac with a disrupted nef gene have demonstrated the impor-
tance of the Nef protein for maintenance of high virus loads
and disease progression (30).

In vitro studies revealed that Nef downregulates both CD4
and major histocompatibility complex class I (MHC-I) cell
surface expression, which may contribute to the preservation of
viral infectivity and immune evasion, respectively (for a review,
see reference 46). These two activities mainly result from Nef-
induced CD4- and MHC-I-accelerated endocytosis, involving a
dileucine sequence and a Tyr-based motif located in the cyto-
plasmic domains of CD4 and MHC-1, respectively. However,
the mechanisms by which Nef downregulates CD4 and MHC-I
have not yet been fully elucidated. Whereas Nef could act as a
physical connector between CD4 and the cellular endocytotic
pathway, it may rather reveal a cryptic endocytosis motif in
MHC-I (34, 38; for a review, see reference 47).

In addition to the induction of CD4 and MHC-I downregu-
lation, Nef enhances virus infectivity. At least two mechanisms

could account for this activity. First, Nef stimulates viral infec-
tivity in a CD4-independent manner. This effect could be the
consequence of stimulation of proviral DNA synthesis. Nef
might also facilitate phosphorylation of the matrix protein by a
cellular protein kinase required for the maintenance of opti-
mal virion infectivity (58, 60). Second, Nef may counteract, by
downregulating CD4, the inhibitory effect of CD4 on envelope
virion incorporation and function (48, 50; for reviews, see ref-
erences 26 and 32). Conflicting results concerning the effects of
Nef on the T-cell activation pathways have been reported,
depending on its intracellular localization (5, 10, 15, 57).

In order to elucidate the mechanisms of Nef actions, at-
tempts have been made to identify the cellular mediators and
the regions required for its functions. Nef has been shown to
interact with various cellular proteins, including CD4 (26, 51),
b-COP (6, 46), human thioesterase (hTE) (35), the m1 and m2
chains of clathrin adaptor protein (AP) complexes (34, 58),
Hck (42, 52), Lck protein tyrosine kinase (10, 21), and serine
threonine kinases (4, 43, 53). More recently, it has been shown
that Nef proteins from SIV and human immunodeficiency vi-
rus (HIV) interact with the T-cell receptor z chain (28, 61).
This interaction is involved in the HIV-1 Nef-induced upregu-
lation of Fas ligand (61). Nef also interacts with a guanine
nucleotide exchange factor, Vav, and leads to increased activ-
ity of Vav and its downstream effectors, such as cytoskeletal
changes and the activation of c-Jun N-terminal kinase (17).

Although membrane localization through myristoylation is
required for all Nef functions (1, 19, 54), different regions of
Nef have been implicated in CD4 and MHC-I downregulation
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Hôte-Pathogène, INSERM U 529, ICGM, 24, Rue du Faubourg Saint-
Jacques, 75014 Paris, France. Phone: (33) 1 44 41 25 65. Fax: (33) 1 44
41 23 99. E-mail: benarous@cochin.inserm.fr.

5310



and in enhancement of viral infectivity. It has been reported
that the proline-rich SH3-binding region of HIV-1 Nef (PxxP,
residues 72 to 77) is implicated in the enhancement of virion
infectivity and in MHC-I downregulation but not in CD4
downregulation (21, 39, 52). However, a recent study showed
that this motif also contributed to CD4 downregulation and
that this effect could be observed only when Nef was expressed
at low levels (12). In addition, a dileucine-based protein sorting
motif in Nef has been shown to be required for CD4 down-
regulation and optimal viral infectivity but not for downregu-
lation of MHC-I (11, 12). Structural and biochemical studies
indicated that Nef might form oligomers (2, 16, 31). However,
the functional significance of Nef oligomerization remains un-
known.

We reported that Nef proteins from various HIV-1 isolates
interact with a novel hTE homologous to the thioesterase II of
Escherichia coli (35). We found that a Nef mutant generated by
random mutagenesis and mutated in several amino acid resi-
dues, which had lost the ability to interact with hTE, was also
defective for CD4 downregulation activity (35). In the present
work, using site-directed mutagenesis, we demonstrate that
mutations in a region of the Nef core extending from residues
D108 to W124 abolish both Nef-hTE interaction and CD4
downregulation. One of these mutants carrying a mutation
targeted to the conserved residue D123 was also defective for
MHC-I downmodulation and enhancement of viral infectivity.
Furthermore, mutation of this residue resulted in the impair-
ment of Nef oligomerization.

MATERIALS AND METHODS

Plasmid constructions and generation of Nef mutants. A PCR-generated
BamHI-SalI fragment corresponding to the coding sequence of the Nef protein
from isolate HIV-1Lai was cloned into the pcDNA3 mammalian expression
vector (Invitrogen) by insertion at the BamHI and XhoI sites, resulting in con-
struct pcDNA3-NefLai. NefLai mutants were generated by PCR with pfu poly-
merase (Stratagene) and appropriate primers as described by Chowers et al. (8).
The resulting amplified products were then purified and inserted in various
expression vectors. All inserts were entirely sequenced using an automated ABI
sequencer to check that the desired mutants had been obtained. The XhoI-PmlI
fragments of the Nef4 and NefD123G mutants, which contain corresponding
mutations, were inserted into a proviral infectious HIV-1 NL4-3-derived clone
containing a unique PmlI site (52).

Two-hybrid assays. The PCR fragments corresponding to different Nef mu-
tants, generated as described above, were inserted into the yeast expression
vector pGBT10 by using the restriction sites BamHI at the 59 end and SalI at the
39 end to fuse these Nef mutants in frame with the GAL4 binding domain
(Gal4BD). The resulting constructs were cotransformed into yeast strain HF7c
with vector pGAD1318, expressing hTE in fusion with the Gal4 activation do-
main (Gal4AD), as previously described (6, 34, 35). b-Galactosidase quantitative
assays were performed with strain SFY526 as described previously (7). Assays
were performed in duplicate.

CD4 downregulation assay. A 10-mg amount of pcDNA3 vector carrying
wild-type or mutated Nef sequences was cotransfected into P4-2 cells (HeLa
CD41 cells expressing b-galactosidase under the control of the HIV-1 LTR) (9)
with 2 mg of pcDNA3-GFP (expressing green fluorescent protein [GFP]) by
electroporation as previously described (34). Briefly, P4-2 cells (8 3 106 cells per
point) resuspended in 200 ml of Dulbecco’s modified Eagle’s medium with 10%
fetal calf serum and 10 mM HEPES were mixed with 50 ml of 200 mM NaCl
containing the appropriate plasmids. Electroporation was performed at 200 V
and 960 mF in 4-mm-wide cuvettes in a Bio-Rad Gene Pulser. At 24 h after
transfection, cells were labeled with phycoerythrin-conjugated anti-CD4 mono-
clonal antibodies (Leu3A; Becton Dickinson) as described previously (55). The
surface expression of CD4 was analyzed on GFP-positive cells with a FACScan
cytofluorimeter (Becton Dickinson).

MHC-I downregulation assay. The Nef-FT vector carrying the NefLai coding
sequence is a gift from F. Bachelerie (Institut Pasteur, Paris, France) (3). The
Nef-FT-D123G vector was constructed by replacing the BlpI-BspEI fragment in
the NefLai coding sequence of the Nef-FT vector with the corresponding BlpI-
BspEI fragment of the PCR product containing the mutation D123G. The
HLA-A2 vector was a kind gift from F. Lemonnier (Institut Pasteur, Paris,
France). The HLA-A2 gene was subcloned in a pcDNA plasmid (Biolabs),
yielding pCA2. pCA2 (4 mg) and pCDNA3-GFP (2 mg) were cotransfected into
HeLa cells together with either 12 mg of Nef-FT, Nef-FT-D123G, or Nef-mock
plasmid. The cellular surface expression level of the HLA-A2 allele on GFP-

positive cells was analyzed with anti-HLA-A2 BB7.2 antibodies by flow cytometry
as previously described (55).

Virus production and infectivity assay. Infectious viruses were prepared from
the supernatant of HeLa cells transfected with proviral DNA. Cells transfected
by the calcium phosphate method were washed 24 h posttransfection, and infec-
tious supernatant was collected after a further 24 h, filtered through a 0.45-mm-
pore-size filter, and used immediately for infection assays. The p24 content in
supernatant aliquots was simultaneously quantified using a commercial test kit
(p24-ELISA; Innogenetics, Ghent, Belgium). Viral infectivity was determined by
incubating different dilutions of supernatants on semiconfluent HeLa-P4 indica-
tor cells in six-well plates in a final volume of 2 ml. After 24 h, the cells were fixed
in 0.5% glutaraldehyde, and infected cells were stained blue with X-Gal (5-
bromo-4-chloro-3-indolyl-b-D-galactopyranoside) substrate as described before
(14). Blue cells were scored from randomly selected fields under 403 magnifi-
cation, and the total number of infected cells per well was calculated and cor-
related with the amount of input p24.

Assay for oligomerization of Nef. A plasmid encoding hybrid Nef protein fused
to the extracellular and transmembrane domain of CD8 (CD8Nefwt) was
constructed as previously described (17). The mutation D123V was intro-
duced into the CD8Nef construct by PCR-mediated mutagenesis, resulting in
CD8NefD123V. The truncated protein CD8T, which contained only the extra-
cellular and transmembrane domains of CD8 with no intracellular residues (17),
was used as a control. 293T cells were transfected with CD8T, CD8Nefwt, or
CD8NefD123V by using lipofectamine (Gibco) according to the manufacturer’s
instructions. Cells were harvested at 48 h posttransfection, lysed in kinase ex-
traction buffer (17), and analyzed by Western blotting. For the visualization of
Nef homodimers, membranes were probed with the anti-Nef monoclonal anti-
body 158 (16).

Immunoblot analyses. Transfected or infected cells were lysed in 25 mM
HEPES (pH 7.4)–150 mM KCl–5 mM EDTA–1% Triton X-100 at 4°C for 30
min. After centrifugation at 13,000 3 g for 5 min, the clarified supernatant
containing cellular lysates from about 600,000 transfected or infected cells was
electrophoresed on sodium dodecyl sulfate–12% polyacrylamide gel electro-
phoresis (SDS-PAGE) followed by electrophoretic transfer onto nitrocellulose
membranes as previously described (35). Immunoblot analyses of Nef were
performed with either an anti-HIV-1BH10 Nef antiserum (1:2,000) (National
Institutes of Health AIDS repository, catalog no. 2121) (see Fig. 2E) or an
anti-HIV-1Lai antiserum (1:1,000) (see Fig. 5B), raised in rabbits by immuniza-
tion with the fused protein glutathione-S-transferase (GST)-NefLai (N. Heveker,
unpublished results), and then developed by the enhanced chemiluminescence
system (Amersham Pharmacia Biotech).

RESULTS

D123G mutation in HIV-1 Nef abolishes the ability of the
protein to interact with hTE and to downregulate CD4 cell
surface expression. A Nef mutant (Nef4) was previously iso-
lated from a random Nef mutant library generated by PCR
mutagenesis on the basis of its lack of interaction with hTE
(35). This mutant contained five substitutions, W57R, F68S,
D123G, H166R, and L170Q, and was found to be defective for
CD4 downregulation. In order to determine which of these
mutations was responsible for the loss of Nef-hTE interaction
and CD4 downregulation, we generated the corresponding Nef
single mutants, each containing one of these five mutations.
These mutants were then fused to the Gal4BD for hTE-bind-
ing analysis in a two-hybrid quantitative assay and were ex-
pressed in HeLa CD41 cells to determine their ability to down-
regulate CD4 surface expression in a transient-transfection
assay. As shown in Fig. 1A, the two-hybrid assays revealed that
the single mutation D123G was sufficient to abolish Nef asso-
ciation with hTE. Another substitution of the D123 residue,
the D123V mutation, gave identical results (data not shown),
further demonstrating that the D123 residue is required for
interaction of Nef with hTE. The binding of hTE to NefW57R
was reduced to about 58% of that of wild-type Nef, whereas the
three other mutations (NefF68S, NefH166R, and NefL170Q)
had no effect on hTE binding. Since the D123 residue is lo-
cated in a loop exposed on the surface of the protein (2, 23,
32), mutation of this residue is not predicted to significantly
alter the three-dimensional structure of the Nef core domain.
This is consistent with our observation that mutation of the
D123 residue did not affect the interaction of Nef with other
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FIG. 1. D123G mutation in NefLai abolishes interaction of Nef with hTE and Nef-induced CD4 downregulation. Five single mutants containing each of the five
mutations found in the Nef4 multiple mutant were analyzed for hTE binding and for CD4 downregulation. (A) Quantitative b-galactosidase (b-gal) assays of wild-type
Nef and Nef mutants binding to hTE. Strain SFY526 expressing both hTE fused to Gal4AD and wild-type Nef or Nef mutants fused to Gal4BD was assayed by a
b-galactosidase assay. The results are expressed as b-galactosidase activity units determined for each wild-type or mutated Nef protein (indicated in parentheses). The
background level is approximately 2 U and corresponds to SFY526 expressing both Gal4BD-Nefwt and Gal4-AD-SNF4 hybrids (not shown). (B and C) CD4
downregulation activity of Nef mutants. Wild-type and mutant Nef proteins were transiently expressed in HeLa CD41 P4-2 cells in combination with GFP as described
in the text. Surface levels of CD4 antigen were evaluated on GFP-positive cells by flow cytometry and are represented by different colored areas as indicated. The control
was cells transfected with an empty pcDNA3 vector. Data are representative of three independent experiments. (D) Expression levels of Nef mutants in transfected
cells used in the CD4 downregulation assays. Immunoblotting of a total cell lysate with anti-Nef antibodies. Cells were transfected with empty or recombinant expression
vectors as follows: pcDNA3 vector (lane 1), pcDNA3-Nefwt (lane 2), pcDNA3-Nef4 (lane 3), pcDNA3-NefW57R (lane 4), pcDNA3-NefF68S (lane 5), pcDNA3-
NefD123G (lane 6), pcDNA3-NefH166R (lane 7), and pcDNA3-NefL170Q (lane 8).
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cellular partners, such as the Hck SH3 domain, the m1 chain of
the AP1 adaptor complex, and b-COP (data not shown).

Flow cytometry analysis performed in P4-2 cells transiently
transfected with these Nef mutants showed that NefW57R and
NefD123G (Fig. 1B) were unable, like the Nef4 mutant, to
downmodulate CD4 expression at the cell surface, whereas the
three other mutants, NefF68S, NefH166R, and NefL170Q,
were still fully or partially active (Fig. 1C, pink, light blue, and
yellow areas, respectively). As judged from immunoblotting,
the expression of wild-type and mutated Nef proteins in trans-
fected cells was comparable except for the mutant NefW57R
which displayed a lower expression level than the wild-type Nef
protein (Fig. 1D). These results indicate that the residue D123
in HIV-1Lai Nef is critical for both Nef-hTE binding and
Nef-induced CD4 downregulation, whereas the inability of the
NefW57R mutant to downregulate CD4 could be due to its
instability.

Region extending from D108 to W124 of HIV-1 Nef is critical
for both hTE binding and CD4 downregulation. The D123
residue, together with most of the contiguous residues from
D108 to N126, is highly conserved in Nef proteins from many
HIV-1 isolates (56). Furthermore, several Nef multiple mu-
tants that we selected for lack of hTE binding in the two-hybrid
assay contain mutations in this region (L. X. Liu and R. Ben-
arous, unpublished results), suggesting that this region might
be important for Nef functions. To test this hypothesis,
different Nef point mutants containing various substitutions
in this region have been generated (Fig. 2). The NefD108A,
NefD111G, NefW124R, and NefN126S mutants were gener-
ated based on the mutations found in different Nef multiple
mutants selected for the loss of hTE binding in a two-hybrid
assay (unpublished data). The NefL112D, NefF121G, and
NefP122R mutants (kind gift from George Cohen, Massachu-
setts Institute of Technology) were selected from a library of
Nef single mutants randomly generated at defined residues.
These Nef mutants were analyzed first in a two-hybrid assay for
interaction with hTE and then in a transient-transfection assay
for CD4 downregulation. As shown in Fig. 2, all of these
mutants except N126S did not interact with hTE, as indicated
by the absence of b-galactosidase activity in two-hybrid quan-
titative assays. Accordingly, all hTE-binding-deficient mutants
were also deficient for CD4 downregulation (Fig. 3A), al-
though they were expressed at a level comparable to the wild-

type Nef protein (Fig. 3B). In contrast, mutant N126S was
nearly as efficient as Nef wild-type protein in inducing CD4
downregulation (Fig. 3A). These results clearly demonstrate
that there is a tight correlation between the ability of Nef to
interact with hTE and to mediate CD4 downregulation.

NefD123G mutant fails to induce cell surface MHC-I down-
regulation. We then analyzed whether the D123G mutation
also affected Nef-dependent MHC-I downregulation. The
NefD123G mutant, wild-type NefLai, and an antisense Nef
sequence were cloned into the pCMV expression vector, re-
sulting in the Nef-FT-D123G, Nef-FT, and Nef-mock con-
structs, respectively. Each of these constructs was then cotrans-
fected into P4-2 cells with the pCA2 construct, which allowed
expression of the HLA-A2 allele of MHC-I. HLA-A2 surface
expression was analyzed by flow cytometry with the anti-
HLA-A2 monoclonal antibody BB7.2 (34, 55). As shown in
Fig. 4, HLA-A2 surface expression was reduced in cells trans-
fected with Nef-FT compared with cells transfected with the
Nef-mock construct. In the cells transfected with the Nef-FT-
D123G construct, no downregulation of HLA-A2 was ob-
served, although the expression levels of wild-type Nef and the
NefD123G mutant were comparable (data not shown). There-
fore, the D123 residue is important for both CD4 and MHC-I
downregulation. In contrast, some other mutations in this re-
gion (D108A and L112D), although causing deficient CD4
downregulation (Fig. 3A), conserved the ability to downregu-
late HLA-A2 (G. Cohen, personal communication), confirm-
ing that different residues of the protein are involved in these
two activities of Nef.

NefD123G mutant also defective for Nef-induced enhance-
ment of viral infectivity. Previous studies suggested that Nef-
induced CD4 downregulation and enhancement of viral in-
fectivity are independent activities which rely on different
structural domains of Nef (19, 52, 54, 60). To determine
whether the D123G mutation affects the ability of Nef to en-
hance viral infectivity, the Nef4 and NefD123G mutants were
cloned into the infectious NL4-3 HIV-1 strain. As a negative
control, we used an HIV-1 NL4-3 proviral clone carrying a
frameshift in the nef coding region (41, 52). These proviral
clones were transfected into HeLa cells to produce infectious
viruses. At 48 h after transfection, viral supernatants were used
to infect P4-2 (HeLa CD41) cells. The infectivity of these viral
preparations was analyzed by counting the number of infected
blue cells with respect to the amounts of p24 antigen found in
the viral supernatant. As shown in Fig. 5A, the infectivity
obtained with the NL4-3 virus harboring wild-type Nef was
about three times higher than that obtained with the Nef-
minus virus. The infectivity of the viruses harboring the Nef4
or NefD123G mutant was equivalent to that obtained with the
Nef-minus virus (Fig. 5A), indicating that the single point
mutant NefD123G was also deficient for Nef-induced en-
hancement of infectivity. The expression level of the wild-type
and mutated Nef proteins in cells producing virions was com-
parable, as shown by immunoblotting with anti-Nef antibodies
(Fig. 5B). By contrast, the mutant D108A, deficient in hTE
binding (Fig. 2) and CD4 downregulation (Fig. 3), conserved a
significant ability to enhance virion infectivity (G. Cohen, per-
sonal communication). Altogether, these results indicate that
the conserved D123 residue is important not only for Nef-
induced CD4 and MHC-I downregulation, but also for the
enhancement of viral infectivity.

D123 residue required for formation of Nef dimers. The
importance of the D123 residue for the biological activity of
Nef could be explained by its involvement in the interaction of
the viral protein with hTE. Alternatively, the crystal structure
of Nef (2) suggests that this residue may be critical for the

FIG. 2. Two-hybrid assays of hTE binding to wild-type and mutant Nef. The
amino acid substitution in each Nef mutant is indicated at the corresponding
position of the delineated sequence between residues D108 and N126. hTE
binding of wild-type and mutant Nef proteins was determined as described in the
legend to Fig. 1A. The percentage of wild-type activity is shown in parentheses.
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FIG. 3. CD4 downregulation activity of Nef mutants. (A) Analysis of CD4 downregulation activity. HeLa P4-2 cells were transfected with wild-type Nef, mutant Nef,
or empty pcDNA3 (control) vector, along with the pcDNA3-GFP vector. Surface expression of CD4 was analyzed on GFP-positive cells by flow cytometry. Data are
representative of three independent experiments. (B) Expression levels of Nef mutants in the transfected cells used in the CD4 downregulation assay, estimated by
immunoblotting of total cell lysates with anti-Nef antibodies.
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formation of Nef dimers (Fig. 6). We therefore investigated
whether mutation of the D123 residue in Nef affects its ability
to dimerize. Homodimers of NefLai in cellular lysates that
were denatured under reducing conditions in the presence of
SDS have been described before for nonfusion as well as CD8-
Nef fusion proteins (16, 30; O. T. Fackler, unpublished re-
sults). Thus, hybrid CD8-Nef proteins were expressed in 293T
cells, and the cellular lysates were assayed for the presence of
Nef dimers by Western blotting. As shown in Fig. 7, higher-
molecular-weight species with an apparent molecular mass
that corresponds to that expected for homodimers were de-
tected for the wild-type Nef fusion protein (lane 3). In sharp
contrast, higher-molecular-weight species were detected nei-
ther for the CD8NefD123V mutant fusion protein (lane 2) nor
for the CD8T truncated construct lacking intracellular residues
and used as a control (lane 1). Given the similar expression
levels of these Nef proteins, we conclude that residue D123 is
critical for the formation of Nef homodimers.

DISCUSSION

In this study, by combining mutagenesis with protein inter-
action and function studies, we identify a region of HIV-1
NefLai from residues D108 to W124 which is required for
Nef-mediated CD4 downregulation and for Nef-hTE interac-
tion. In addition, we have shown that the D123 residue in
NefLai is critical not only for CD4 downregulation but also for
two other essential functions of Nef, MHC-I downregulation
and enhancement of viral infectivity.

Site-directed mutagenesis has been used by several groups to
define the structural determinants required for Nef functions,
and in general, these different functions were linked to distinct
structural determinants in the core domain of the protein. The
only motif unequivocally known to be required for all functions
of Nef was the N-terminal myristoylated glycine, which is es-
sential for the targeting of this protein to the membrane. Our
results suggest that besides this N-terminal anchor domain, the
conserved residue D123 in the core domain of Nef is also
involved in multiple functions of the protein.

The three-dimensional structure of the Nef protein, both
alone and in complex with Src family SH3 domains, has been

solved (2, 24, 33). This structure consists of four antiparallel
b-strands flanked by two outer layers composed of a polypro-
line type II helix and four a-helixes. All mutated residues
reported herein localize on one side of the core domain
formed by a-helix B (residues Q104 to T117) and the coil
(residues Q118 to Q125), leading into b-strand A (Fig. 6A).
The side chains of these mutated residues (except for W124)
are exposed to aqueous solvents on the tertiary structure of
Nef. They may therefore be available for interactions with
cellular ligands. Furthermore, the Nef D123 mutants, which
have lost several Nef functions and interaction with hTE, are
still capable of binding to several other Nef-binding proteins
such as the m1 chain (p47) of the clathrin adaptor AP1 com-
plex, the SH3 domain of Hck, and b-COP, ruling out the
possibility that the abrogation of different activities of Nef by
this mutation is due to alteration of the global structure of Nef.

The hypothesis has been raised that Nef could act as a
connector between the cellular endocytic machinery and the
receptors whose internalization and cellular trafficking are
modified by Nef. As recently reported, several cellular cofac-
tors which could be required for Nef-mediated CD4 and
MHC-I downregulation are the medium chains of clathrin-
associated AP complexes and the b-COP subunit of the COP-I
complex (6, 20, 34, 36, 45, 46). Surprisingly, the mutants car-
rying a mutation at position D123 described in this study, in
spite of complete deficiency for CD4 and MHC-I downregu-
lation, still bind to the m1 chain and b-COP as efficiently as
wild-type Nef. A reasonable interpretation of these results is
that binding of Nef to the m chains of AP complexes, as well as
binding to b-COP, although necessary, is not sufficient for
Nef-induced receptor downregulation. Thus, the D123 residue
could be required for the interaction of Nef with its target
receptors rather than with the endocytic machinery. From this
point of view, it is of interest to note that this residue is in the
proximity of the putative CD4-binding site (residues 95 to 97,
106, and 109 to 110) mapped by Grzesiek et al. (23) (magenta
regions in Fig. 6).

The D123 residue is located close to a hydrophobic “spot” of
the surface of Nef, formed by residues L112, Y115, F121, and
P122, which has been reported to constitute the interface for
oligomer formation by Nef (2; S. Arold et al., unpublished

FIG. 4. Mutation D123G in NefLai abolishes the ability of the protein to downregulate MHC-I. HeLa P4-2 cells were transfected with wild-type Nef-FT (green
curve), mutant Nef-FT-D123G (pink dotted curve), or Nef-mock (black curve) vector, along with the pCA (HLA-A2) and pcDNA3-GFP vectors. Surface expression
of HLA-A2 was analyzed on GFP-positive cells with anti-HLA-A2 BB7.2 antibodies by flow cytometry. Data are representative of three independent experiments.

VOL. 74, 2000 Nef D123 MUTATION, hTE BINDING, AND OLIGOMERIZATION 5315



results) (Fig. 6). Monomeric and oligomeric Nef molecules
coexist in a concentration-dependent equilibrium in solution
(25; Arold et al., unpublished results). L112, F121, and P122
form the hydrophobic core of this interface, and D108 and
D123 are important for charge complementarity between Nef

monomers. Nonconservative mutation of the D123 residue
could destabilize or alter the oligomeric state of Nef. Since this
residue is also important for the interaction between Nef and
hTE, alteration of Nef oligomerization may explain why the
D123 mutations affect both receptor downmodulation and

FIG. 5. Mutation D123G in NefLai abolishes the ability of the protein to enhance viral infectivity. (A) Comparison of infectivity. HeLa cells were transiently
transfected with pNL4-3wt, pNL4-3DNef, pNL4-3Nef4, or pNL4-3NefD123G proviral DNA. Infectious virions were collected 48 h later and used immediately to infect
HeLa P4-2 indicator cells. Infectivity was evaluated by the number of infected blue cells assayed, with different quantities of viruses titrated by the p24 antigen content.
These results are representative of experiments performed with three different virus stocks. (B) Nef protein expression in virus producer cells, estimated by Western
blotting of cell lysates with anti-Nef antibodies.

FIG. 6. Localization of mutated residues within the Nef core domain. (A) Secondary-structure representation of the conserved core domain of HIV-1 Lai Nef,
showing side chains of mutated residues. The residues of which mutation disrupts interaction with hTE and downregulation of CD4 are shown in blue. D123 is shown
in dark blue. All these residues (D108, D111, L112, F121, P122, and D123) are solvent exposed in the monomer. Displayed on the secondary structure are the SH3
binding PxxPxR motif (brown), the region involved in homomeric contacts (yellow), and the putative CD4-binding surface (magenta). Note that all mutated residues
localize within the oligomer interface. Dotted lines indicate where the unstructured N terminus (residues 1 to 70) and central loop region (residues 149 to 177) project
out of the Nef core domain. (B) Ribbon diagram of the Nef dimer. Colors are the same as for panel A. Residue D123 is located at the bottom of the interface and
makes a salt bridge with residue R105 of the opposite subunit.
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binding to hTE. Interestingly, in Nef oligomers but not in the
Nef monomer, D123 is interacting with the conserved diargi-
nine motif R105-R106 of the opposite protomer. Substitution
of this RR motif leads to abrogation of Nef-induced CD4
downregulation and enhancement of viral infectivity (29, 60).
R106 is also required for the interaction of Nef with the Nef-
associated kinase (40, 54, 60). A unifying explanation for the
numerous effects of the D123 substitution could therefore be
that this mutation affects both the oligomer interface of Nef
and the conformation of the RR motif. Indeed, the experiment
shown in Fig. 7 is in favor of a disruption of the oligomeric
state of Nef provoked by such a mutation. Nef oligomers have
been reported by several groups in vivo and in vitro (4, 16, 22,
31, 37), but their importance in Nef activities has not yet been
elucidated. Our results support the idea that oligomerization
plays a critical role in the different activities of the Nef protein.
Since most receptors are internalized as dimers, it is conceiv-
able that homomeric interactions between Nef molecules re-
inforce the interaction of Nef with an oligomeric target, such as
the CD4 dimer. It has also been reported that the recognition
of tyrosine-based endocytotic signals clearly involves a dimeric
m2 chain of the clathrin adapter AP2 complex (49).

The functional relevance of Nef-hTE interaction remains an
open question. While all the Nef mutations targeted in the
region D108 to W124 caused deficiency in both hTE binding
and CD4 downregulation, suggesting a possible role of hTE
binding in CD4 downregulation, the importance of this inter-
action for Nef-mediated MHC-I downregulation and enhance-
ment of virion infectivity is less clear, since some Nef mutants
(D108A and L112D) deficient in hTE binding are still able to
downregulate MHC-I and/or to enhance virion infectivity (G.
Cohen, personal communication). Thus, the loss of the three
functions of Nef observed with mutant D123 seems to be more
specifically associated with the loss of Nef oligomerization than
with the lack of hTE interaction resulting from this substitu-
tion.

The possible role of hTE in Nef-mediated CD4 downregu-
lation could be related to its TE enzymatic activity. As previ-
ously reported, the preferred substrates of hTE are myristoyl-
coenzyme A and palmitoyl-coenzyme A (35). By releasing free
myristate or palmitate, TE activity could be indirectly involved
in the control of the lipid modifications of proteins, which are
important for membrane anchoring of proteins and receptor
internalization. The observation that Nef enhances in vitro
hTE activity to cleave the TE bond of palmitoyl-coenzyme A
supports this hypothesis (59). Further investigations are re-
quired to verify this possibility.

In this study, our attempt to map the hTE-binding site of Nef

led to identification of a conserved D123 residue which is
critical for CD4 and MHC-I downregulation and enhancement
of viral infectivity. This residue is also important for Nef oli-
gomerization. This suggests that the oligomerization of Nef
may be important for its functions.
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